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University, Philadelphia, PennsylvaniaABSTRACT Monoamine transporters (MATs) function by coupling ion gradients to the transport of dopamine, norepinephrine, or
serotonin. Despite their importance in regulating neurotransmission, the exact conformational mechanism by which MATs function
remains elusive. To this end, we have performed seven 250 ns accelerated molecular dynamics simulations of the leucine trans-
porter, a model for neurotransmitter MATs. By varying the presence of binding-pocket leucine substrate and sodium ions, we
have sampled plausible conformational states representative of the substrate transport cycle. The resulting trajectories were
analyzed using principal component analysis of transmembrane helices 1b and 6a. This analysis revealed seven unique structures:
two of the obtained conformations are similar to the currently published crystallographic structures, one conformation is similar to
a proposed open inward structure, and four conformations represent novel structures of potential importance to the transport cycle.
Further analysis reveals that the presence of binding-pocket sodium ions is necessary to stabilize the locked-occluded and open-
inward conformations.
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doi: 10.1016/j.bpj.2012.05.002Monoamine transporters (MATs) belong to a group of homol-
ogous transmembrane proteins that function by Naþ/Cl-
dependent secondary active transport. The transmembrane
location of the transporters at synaptic terminals allows for
the reuptake of neurotransmitters and, consequentially, termi-
nation of signaling in the chemical synapse (1). Dysregulation
of MATs and the resultant imbalance of their substrates—
dopamine, serotonin, or norepinephrine—has longbeen impli-
cated in conditions such as major depression, Parkinson’s
disease, and addiction (1–3). Furthermore, MATs are the
target of a wide variety of pharmacological compounds such
as selective serotonin reuptake inhibitors (4). The three-
dimensional structure of these transporters and the conforma-
tional mechanism by which they function remain unknown.
In 2005, the crystallographic structure of the bacterial
Naþ-dependent leucine transporter (LeuT), a close homolog
of the eukaryote MATs (5), was solved. Since then, the crys-
tallographic LeuT structure has been used as a template to
model eukaryote MATs in three dimensions (6–9). By exam-
ining the LeuT directly, it is possible to avoid introducing any
uncertainty into the homology modeling process.
Although they have offered some insight into the
dynamics of the substrate binding pocket, previous compu-
tational efforts utilizing MD to determine the substrate
transport mechanism of LeuT and MAT homology models
have fallen short of the goal of elucidating the full substrate
transport mechanism. This is most likely due to limitations
in computational power, as the longest simulations to date
run on the order of a few microseconds and use standard
or steered molecular dynamics (9–14), a computational
algorithm that is probably insufficient to overcome energy
barriers and allow conformational transitions to novel states.As a solution to this problem, we begin with a previously
reported equilibrated structure (11), implement the use of an
accelerated molecular dynamics (aMD) algorithm (15), and
conduct seven 250-ns aMD simulations. The advantage of
using aMD for conformational sampling is that the algo-
rithm adds an energy bias factor when the total energy of
a system falls below a predetermined threshold, preventing
the slowing or practical lockdown of a system if it falls into
a particularly deep energy well. However, the bias factor
still allows the simulation to stay in a particular minimum
long enough to allow individual minima to be defined (15).
To observe different conformational states, we applied
the aMD simulation protocol to seven different starting
scenarios, beginning with the LeuT protein and POPE
membrane from a 30-ns equilibrated system published previ-
ously (11). The seven different simulation setups were
created by varying the presence of binding-pocket leucine
substrate and sodium ions (Table 1). Using tools within
AMBER 9 (16), each system was solvated using TIP3 water,
and sodium and chloride ions were added. The resulting
systems were energy-minimized to slowly heat the systems
to 310 K. At 310 K, MD calculations were performed for
5 ns. The aMD simulation protocol was then carried out
over 250 ns for each of the simulation setups (Table 1).
We then analyzed the aMD trajectories using principal
component analysis (PCA). PCA allows for the calculation
of variations between data sets across several dimensions
and generates a set of vectors representing the greatest
TABLE 1 Combinations of leucine, sodium, and substrates in
each simulation
Simulation Color Leu Na1 Na2
1 Red þ þ þ
2 Orange þ þ 
3 Yellow  þ þ
4 Green   þ
5 Blue  þ 
6 Light blue þ  þ
7 Purple   
Color indicates the color of the simulation in Fig. 1. Labeling of the sodium
binding pockets follows the Gouaux model (5,20).
FIGURE 1 Scatter plot of the PCA for all simulations colored
according to Table 1. Select crystal structures and the modeled
inward structures (24) are displayed as black spheres. Simula-
tion structures corresponding to a clustered group are shown
superimposed upon the 2A65 structure in purple or the 3F3A
structure shown in red for the topmost left cluster. See Fig. S3
in the Supporting Material for a larger representation.
L02 Biophysical Lettersvariance (17,18).When the vectors of the largest variance are
plotted against each other, similar structures cluster together,
whereas more diverse structures are separated by a distance.
In a complementary analysis, PCA was performed on the
Ca positions of previously published LeuT structures to deter-
mine which individual transmembrane domains or combina-
tions of domains yielded the greatest and most distinct
separation of values. The published structures utilized were
the 20 LeuT crystal structures available in the Research Col-
laboratory for Structural Bioinformatics (RCSB) ProteinData
Bank (5,12,19–23) and two proposed open-inward conforma-
tions (24).This PCAcalculationwas performedusingboth the
ptraj package in AMBER9 (16) and the Bio3D package for R
(25). The greatest discrimination between these structures
was evident when the combination of transmembrane helical
domains (TMs) 1b and 6a, also proposed to be involved in
transport (9,21,26), was used for the analysis. The method
of performing PCA on only specific sections of a protein for
a focused analysis has previously been reported (27).
PCA was performed for each simulation trajectory using
the TM1b/6a combination. Structures were isolated from
the simulation every 200 ps and superimposed so that statis-
tical analysis would be carried out on an average structure.
The graph of the PCA for all simulations revealed seven
clusters. A representative structure was removed from the
densest section of each cluster and minimized, as were the
two proposed inward conformations. The PCA graph with
the minimized structures is shown in Fig. 1, and the root
mean-squared deviation (RMSD) values between the struc-
tures are shown in Table S1 in the Supporting Material. All
structures had starting points around the 2A65 occluded
structure. The two simulations with both sodium ions bound
but differing in the presence of leucine substrate (Table 1,
simulations 1 and 3) mostly remained in the occluded con-
formation, with a few sparse points where they sampled
a structure from another cluster. The relative stability of the
leucine-bound structure has been seen experimentally by
the decreased transport rate compared to the alanine-bound
structure (28). It has been proposed that leucine may not be
the proper or natural substrate because its extremely high
affinity for LeuT may stabilize the occluded structure (29).
The structure without leucine (simulation 3) appeared to
have similar sampling, as it is stabilized by both sodium ions,Biophysical Journal 103(1) L01–L03although there was a small amount of sampling from other
clusters that did not occur with the leucine substrate present.
Analysis of the presence and absence of binding-pocket
sodium in Na1 has yielded interesting results. All clusters
on the left are without an occupied Na1 site, whereas all
clusters on the right of the graph have Na1 occupied. Analysis
reveals that the occupancy of Na1 and the leucine substrate
in the absence of Na2 generates a conformation similar to
the inward conformation proposed by Tajkhorshid et al.
(24). The original proposal contained two inward-facing
structures modeled by steering the backbone of LeuT toward
the crystallized open-inward conformation of the related
protein vSGLT (24). Here, using a different approach, the
aMD analysis corroborates the potential validity of this
conformation, as throughout the course of aMD simulation,
the TM 1b and 6a regions took on a conformation similar to
that in the proposed open-inward conformation. Similarly,
the simulationwith only Na1 occupied (simulation 5) appears
close to the inward conformations. Our conformation sug-
gests that since, as proposed, intracellular solvent accessi-
bility to Na2 destabilizes the occluded conformation and
facilitates transport, but the selectivity of the Na1 binding
site for sodium ions is governed by the presence of sodium
in Na2, then the Na1 site has an expanded role and facilitates
or stabilizes the transition to an inward conformation (13,14).
The simulation with apo-LeuT started at the occluded
structure and eventually sampled a conformation similar
to the LeuT inhibited with Trp in an open-outward confor-
mation (RCSB ID 3F3A) (21). Preliminary analysis reveals
that the sampled open-outward structure and 3F3A have an
RMSD of 1.3 A˚ for the Ca positions of the core TM domains
(TMs 1–10).
Biophysical Letters L03It should be noted that although no transport of either
sodium or leucine occurred in any simulation, the application
of aMD and PCA upon the LeuT structure has proven an
effective combination—especially when compared to the
crystallized apo-LeuT structure released during the review
of this article (30). A more detailed analysis of this structure
compared to the simulation data is found in the Supporting
Material. The three primary points of the alternating-access
mechanism—open-outward, occluded, and open-inward—
appear to have been simulated using only an occluded struc-
ture as a starting point. In addition, four unique structures
have been identified and are believed to represent other steps
involved in the transport cycle. Further investigation of these
structures, including analysis of specific residues and their
proposed involvement in the transport mechanism, will be
released in a future publication.
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